This paper presents an attempt to analyze the effect of multi-fuel and practical constraints on economic load dispatch problem using a novel uniform distributed two-stage particle swarm optimization (UDTPSO) algorithm without and with unified power flow controller (UPFC) while satisfying equality, inequality, practical constraints such as ramp-rate and prohibited operating zone (POZ) limits and device operating limits. A Novel severity function is formulated based on the transmission line overloads and bus voltage violations to identify an optimal location to install UPFC. A multi-objective optimization problem is solved for multi-fuel non-convex cost and transmission power loss objectives. Obtained results for considered standard test functions and electrical systems indicate the effectiveness of the proposed algorithm and can obtain efficient solution when compared to existing methods. Hence, the proposed method is a promising method and can be easily applied to optimize the power system objectives. Ó 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Economic dispatch (ED) is one of the most challenging tasks in power system analysis. The objective of this task was to maximize the utilization of lowest cost of generation while satisfying physical and operating constrains. Nowadays, the degradation of fuel levels and the increased cost of fossil fuels such as, coal, oil, and natural gas for power generation turn our interest toward ED problem. Generally power plants are equipped with multiple steam valve turbines; hence, the valve loading effect should be considered in ED problem. In this paper, more realistic problem is by stating that, power plants are supplied by multiple fuels and the effect of this should also be considered in ED problem.
Conventionally, Interior point methods, many mathematical programming approaches, Gradient based optimization algorithms, Nonlinear Programming (NLP), Linear Programming (LP) methods and Newton method have been applied for economic dispatch problem [1, 2] . These methods have several limitations in handling non-linear, discrete-continuous functions while satisfying constraints [3] and these methods are facing some difficulties in handling the objectives having multiple local minima. To overcome these limitations of classical optimization algorithms, recently various heuristic optimization algorithms have been developed such as Genetic Algorithm (GA) [4, 5] , Simulated Annealing (SA) [6, 7] , Tabu Search (TS) [8] , Differential Evolution (DE) [9] [10] [11] , Harmony Search (HS) [12] , biogeography based optimization (BBO) [13, 14] , Evolutionary Programming (EP) [15, 16] , artificial immune system [17] , quantum genetic algorithm [18] , enhanced crossentropy [19] and Particle Swarm Optimization (PSO) [20] [21] [22] [23] methods have proved its effectiveness in solving economic load dispatch problems. These heuristic optimization algorithms often provide reasonable and fast solutions but do not guarantee in obtaining global best solution. GA suffers from the premature convergence; SA needs fine tuning of control parameters which degrades the system performance. The modifications in PSO algorithm were proposed by [24] [25] [26] [27] [28] [29] and are applied for solving various optimization problems in electrical power engineering. The OPF problem was solved based on two stage initialization process [30] by avoiding mutation operation in DE algorithm. Because of this, the final convergence of the OPF problem is obtained in less time with enhanced accuracy.
Flexible AC Transmission System (FACTS) controllers are equipped with power semi-conductor converters; this enhances the capability of controlling various electrical parameters in transmission circuit. Some of the popular devices include, Thyristor controlled series compensator (TCSC), Static VAr compensator (SVC), Unified power flow controller (UPFC), etc. Modeling and incorporation of these devices in conventional power flow studies were presented in [31, 32] . Out of these devices, TCSC can control the transmission line inductive reactance so as to control the active power flow. SVC can be used to absorb/inject the reactive power at a bus to control the voltage magnitude. UPFC can handle active and reactive power flows in transmission lines and voltage magnitude at buses simultaneously or any combination thereof, provided no operating and system limits are violated [33] .
To obtain the better functionality of UPFC, it is necessary to identify proper installation location in a given system with appropriate device settings. One of the critical power system problems is blackout. To prevent this, the transmission line loadings and bus voltage magnitudes need to be considered to analyze the system security/severity. Recently, majority of research concentrates in finding an optimal location to install UPFC and various FACTS devices using evolutionary optimization techniques [34] [35] [36] [37] . Optimal location of UPFC can be identified through contingency selections to enhance the steady state security level [38] [39] [40] [41] [42] . Differential Evolution algorithm has been successfully implemented to minimize generation fuel cost in the presence of FACTS devices such as TCSC and TCPS [43] .
Generally power plants are equipped with multiple valves in order to get controlled output power. In real time power system operation, the effect of prohibited operating zones needs to be considered due to physical limitations and vibrations in the shaft bearings. The problem with all these constraints such as multi-fuel, ramp-rate and POZ limits turns the problem into more complicated one. Hence there is a need of more accurate optimization algorithm to solve the OPF problem. In this paper, a newly developed heuristic optimization algorithm based on uniform distribution of control variables to start the iterative process with good initial value and two stage initialization processes to reach final best value in less number of iterations are implemented along with the conventional PSO algorithm, called UDTPSO is proposed to solve OPF problem which is formulated as a nonlinear optimization problem while satisfying equality, inequality and practical constraints in a given power system. The objective functions formulated are quadratic cost, quadratic cost with valve loading effect, multi-fuel quadratic cost and multi-fuel non-convex cost functions. The effect of multi-fuel and practical constraints is analyzed in the presence of UPFC. The optimal location of UPFC is identified based on the transmission line overloads and bus voltage violations. The performance of the proposed methodology is tested on standard Himmelblau and sphere functions and electrical test systems such as IEEE-30 bus and Indian 62-bus systems. Obtained results demonstrate the effectiveness of the proposed method and are validated with the existing methods in the literature.
Problem formulation
Optimal Power Flow (OPF) problem optimizes the power system objectives, includes non-linear. In this paper, a newly developed heuristic optimization algorithm based on uniform distribution of control variables and two stage initialization processes are implemented along with the conventional PSO algorithm, called UDTPSO is proposed to solve OPF problem which is formulated as a nonlinear optimization problem while satisfying equality, inequality and practical constraints in a given power system. Finally a set of control variables are obtained as a solution for the problem while satisfying equality, inequality and practical constraints. Conventionally economic load dispatch problem includes generation fuel cost as an objective is optimized.
The problem can be formulated mathematically as a constrained nonlinear objective optimization problem as follows: 
Constraints
The above problem is optimized by satisfying the following equality, inequality, and practical constraints.
Equality constraints
These constraints are typically load flow equations.
where 'P Gk , P Dk ' are the active and reactive power generations at kth bus, 'P Dm , Q Dm ' are the active and reactive power demands at mth bus, 'NB' is number of buses, |V k |, |V m | are the voltage magnitudes at kth and mth buses, 'd k , d m ' are the phase angles of voltages at kth and mth buses, |Y km |, h km are the bus admittance magnitude and its angle between kth and mth buses.
In-equality constraints
Generator bus voltage limits : V min
Active Power Generation limits : P min Gi 6 P Gi 6 P max Gi ; 8i 2 N G ð5Þ
Transformers tap setting limits : T min
Capacitor reactive power generation limits : Q min
Transmission line flow limit : S li 6 S max
Reactive Power Generation limits : Q min
Bus voltage magnitude limits : V min
where n t is the total number of taps, n C is the total number of VAr sources, N load is the total number load buses. The abovementioned problem in Eq. (1) can be generalized using penalty factors as follows:
where R 1 , R 2 , R 3 and R 4 are the penalty quotients having large positive value. The limit values are defined as
Here 'x' is the value of P g,slack , V i , Q Gi . 
where k is the index of prohibited zone of unit-i and n i is the number of prohibited zones. P L i;k and P U i;k are the respective lower and upper limit of kth prohibited zone of ith generator.
2.1.3.2. Ramp-rate limits. Increasing/decreasing the power output of a generating unit follows ramp-rate limits, which is a function of resource size. The sudden change in load affects the generation output. This constraint can be modeled as
where, P 0 i is the power generation of ith unit in previous hour. DR i and UR i are the respective decreasing and increasing ramp-rate limits of ith unit. i. It should be located between two PQ buses and there should not be any shunt capacitors. ii. It should not be placed in a line where tap changing transformer exists.
UPFC modeling
The complete mathematical modeling of the UPFC can be obtained by combining series connected and shunt connected voltage source models [44, 45] and injecting respective powers at buses i and j. The power injection equations at respective buses including converter switching losses can be expressed as Figure 1 Principle configuration of UPFC.
The following limits are considered for the UPFC
where 'r' and 'c' are respective pu magnitude and phase angle of series voltage source converter of UPFC, operating within its specified limits. V i , V j and h i , h j are respective pu magnitude and angles at buses i and j. 'X se,ij ' and 'b se,ij ' are the reactance and respective susceptance of series converter transformer. The complete incorporation and implementation procedure of UPFC in conventional NR-load flow described in [45] is followed in this work to analyze the effect of the same.
Optimal location
A severity function is formulated based on transmission line loadings and bus voltage magnitude violations under contingency conditions. The proposed severity function (F severity ) can be expressed as [46] 
where N line , N bus are the total number of lines and buses in a given system. S i and S max i are the present and maximum apparent powers of ith line. V j,ref and V j are the nominal voltage and present voltage values at jth bus. 'q' and 'r' are two coefficients used to penalize more or less overloads and voltage violations. These are considered to be equal to 2.
With this, the system security has been enhanced under contingency conditions by placing UPFC in a proper location. After performing contingency analysis, one of the highest critical lines is identified and also its corresponding total Number of Voltage Violation Buses (NVVB) and total Number of Over Loaded Lines (NOLL) are identified. After this the performance index is calculated by adding NOLL and NVVB for the respective contingencies. Now, remove this critical line from the system and identify the possible device installation locations for a given system. Place the UPFC in one of these locations and minimize the severity function. Repeat this process for all possible locations and identify the severity function values. Selecting the location which has the least severity function value in the presence of UPFC under contingency conditions is the best UPFC installation location. Finally system security has been enhanced with this location in the presence of UPFC.
Proposed UDTPSO
The performance of the existing Particle Swarm Optimization (PSO) is enhanced by implementing uniform distribution of problem control variables and two stage initialization processes. In this section, the complete methodology of the proposed method is explained.
Overview of existing PSO
The PSO is a population based selfadaptive stochastic optimization technique [26] . This algorithm starts with initialization of system control variables randomly as a population. These are treated as problem particles and each of one has its own position and velocity. In multi-dimensional solution search space, each of this particle moves toward optimal solution. Each particle adjusts its new velocity based on local and global best solutions. The updated position is calculated by adding new velocity with its earlier position. The new velocity and updated positions are calculated using the following expressions:
where X k ij and Vel k ij are the present position and velocities of ith particle in jth dimension in kth iteration.
These new velocities and updated positions are calculated repeatedly for a pre-defined number of iterations reached. For minimization of the objective functions, the fitness function is evaluated using the following expression:
The other important steps in the existing PSO method are initialization, iterations update, weight update, velocity update, position update, local best update, and global best update.
UDTPSO methodology
Many programming languages used for simulation of applications need to generate pseudo random numbers, which are effectively distributed using standard uniform distributions. Uniform distribution is one of the important members in the family of symmetric probability distribution. In this, all distributions have equal probability intervals. This is used to generate random variables between limits 'a' and 'b'. This distribution can be abbreviated as U(a, b) [47].
Initialization
Start the process by setting iteration is equal to zero. In this method, generate control variables uniformly rather than randomly as in existing PSO, between its minimum and maximum limits. In MATLAB environment, we have a flexibility to generate control variables using the following expressions:
Existing PSO: a + (b À a) * rand (population number, particles number) Proposed UDTPSO: random ('unif', a, b, population number, particles number) While in other programming languages, the variables can be generated uniformly by following the uniform distribution procedure given in [48] . 
Two stage initialization
The first stage of the process is that, update the system data with newly generated control variables and evaluate the objective function and fitness values. The second stage of the process is that, obtaining the pairwise best population using comparison process between previously obtained solutions. The final solutions are treated as local best values. From these solutions, identify global best value. Start the iterative process by calculating dynamic weight and new velocities and update the position of the particles. The chaotic inertia weight [24, 29] is calculated based on the experience of the previous positions and velocities of the particles. Because of this, the iterative process starts with large inertial weight to search global best values and decreases its value as iterations increase to benefit the local best values. Evaluate the function using new position of the particles and update global and local best values. The complete methodology is shown in Fig. 3 .
Illustrative example
To test the effectiveness of proposed method a standard Himmelblau function given in Eq. (20) is used and the corresponding results are tabulated in Table 1 . The comparison of convergence characteristics is shown in Fig. 4 .
It is observed from Fig. 4 that, the convergence of the proposed UDTPSO method starts with good function value and final best value is obtained within less number of iterations when compared to PSO. It is also observed that the computational time taken for the convergence is 1.1002 s which is 3.505 s less when compared with PSO.
Further the effectiveness of the proposed method is validated on the standard sphere function for 100 trails and the corresponding results are tabulated in Table 2 . From this table, it is observed that, the standard deviation of the function values for 100 trails is almost zero, which means that the final best values have negligible deviation. The variation of the initial and final function values for 100 trails is shown in Fig. 5 . From this figure, it is identified that, in majority of the trails, function final values are below their mean value. This is happened because of the effectiveness of the proposed algorithm.
Electrical system simulation results
In this section the proposed methodology is tested in standard IEEE-30 bus and Indian-62 bus electrical systems. [8, 50, 51] . The total control variables in this system are 18, which include 6 active power generations and respective voltage levels, 4 tap settings of tap-changing transformers and 2 shunt VAr sources. The generator fuel cost function 'J' is formulated as follows:
6.1.1. Case-1: Generation quadratic cost function (convex cost function)
The generator cost characteristics are represented by its quadratic cost curve. This function can be expressed as:
where a i ; b i ; c i are the fuel cost-coefficients of the ith unit. The values of these coefficients are given in Table A1 . For this system, the 2nd generator cost curve characteristics including ramp-rate and POZ effects are shown in Fig. 6 .
To validate the proposed UDTPSO method, obtained generation cost is compared with the exiting PSO and TS methods and the corresponding results are tabulated in Table 3 . From this table, it is observed that, with the proposed method, the cost reduction of 2.7524 $/h and 1.6722 $/h are obtained when compared to existing TS and PSO methods. The obtained results are validated with some of the existing literature and are tabulated in Table 4 . From this table, it is observed that, the proposed method gives the best value than the existing methods. The convergence patterns for the existing PSO and proposed methods are shown in Fig. 7 . From this figure, it is observed that, proposed method starts with good initial value (because of uniform distribution of control variables) and reaches best final value (because of two stage initialization process) in less number of iterations when compared to existing PSO. The uniform distribution of 2nd generator control variables for 100 iterations is shown in Fig. 8 . From this figure it is observed that, the diversity of these variables is very close to each other as number of iterations is increasing. It is also observed that, in first iteration, the control variables are confined to entire solution search space, later it is confined to global best search space.
Further, the effect of considered practical constraints such as, ramp-rate and POZ limits is analyzed in four cases, and the obtained results are tabulated in Table 5 .
Case-A: Without ramp-rate and without POZ. Case-B: With ramp-rate and without POZ. Case-C: Without ramp-rate and with POZ. Case-D: With ramp-rate and with POZ. The ramp-rate and POZ limits followed by the generators are tabulated in Table 6 . From these tables, it is clearly observed that, there is an effect of practical constraints on generator characteristics. The obtained results for the fuel cost in the presence of ramp-rate and POZ limits are validated with some of the existing literature and are tabulated in Table 7 . From this table, it is observed that, the proposed method gives the best value than the existing methods. The convergence characteristics for these cases are shown in Fig. 9 . From this figure, it is observed that, the iterative process initial value is increasing as the number of constraints is increasing. It is also observed that, in all these cases, the iterative process reaches final best value in less than 40 iterations. 
Case-2: Generation quadratic cost function with valve loading effects (Non-convex cost function)
The generator fuel cost function is obtained from the data taken from the heat-run tests, and for accurate modeling valve point loading should also be included as a sinusoidal function in the cost function. The fuel input and power output, cost function of the ith unit with valve loadings are given as
where a i ; b i ; c i are the fuel cost-coefficients of the ith unit and e i ; f i are the fuel cost-coefficients of the ith unit with valve loading effects. For this system, the 2nd generator cost curve characteristics including ramp-rate and POZ effects are shown in Fig. 10 . For this system, the generators at buses 1 and 2 are considered to have the valve loading effects. The values of these coefficients for first two generators are given in Table A1 , and the coefficients for the remaining generators are same as that of Case-1. Obtained results for this case are tabulated in Table 8 .
Case-3: Multi-fuel quadratic cost function
In real time power system operation and control, many of the thermal generating stations are equipped with multiple fuel sources such as coal, natural gas, and oil. The cost curves for these generators may have the different cost coefficients. The piecewise/multi-fuel quadratic cost function can be expressed as where a ik ; b ik ; c ik are the fuel cost-coefficients of the ith unit for fuel type-k. The cost coefficients for the first two generators are given in Table A2 . The variation of the 2nd generator multifuel cost curve is shown in Fig. 11 . Obtained results for this case are tabulated in Table 8 .
Case-4: Multi-fuel quadratic cost function with valve loading effects (Multi-fuel Non-convex cost)
In practical power system operation, thermal generating units are supplied with multiple fuels and their auxiliary equipment such as boilers is equipped with valve point effects to control power output. The more realistic cost curve including multiple fuels and its respective valve loading effects can be expressed as
where a ik ; b ik ; c ik ; e ik ; f ik are the fuel cost-coefficients of the ith unit with valve loading effects for fuel type-k. The values of these coefficients are given in Table A2 . The variation of generation cost for the 2nd generator including multi-fuel and valve loading effects can be shown in Fig. 12 . From this figure, it is identified that, the valve loading effects for different fuel might be different. Obtained results for this case are tabulated in Table 8 .
Case-5: Total Transmission Power Loss (TPL)
In power system, the active power loss should be minimized to enhance power delivery performance and can be calculated using
where 'N line ' is total number of transmission lines, 'g m ' is the conductance of mth line which connects buses 'i' and 'j'. V i , V j and d i , d j are voltage magnitude and angle of ith and jth buses. Obtained results for this case are tabulated in Table 8 .
Case-6: Minimization of fuel cost and TPL
The aim of this type of problem is to minimize the total fuel cost and TPL simultaneously while satisfying all constraints and it is formulated as follows: [60] J Figure 11 Multi-fuel quadratic cost curve of 2nd generator in IEEE-30 bus system.
The optimized control variables and respective results for the cases 2, 3, 4, 5, and 6 are tabulated in Table 8 . The effect of practical constraints on these objectives is tabulated in Table 9 . From these tables, it is observed that, the objective function value is increased in the presence of practical constraints. The multi-fuel generation cost is increased from 649.6987 $/h in case-3 to 651.8872 $/h in case-4, because of valve loading effects for without practical constraints and this value is increased from 662.991 $/h in case-3 to 664.2395 $/h in case-4 in the presence of practical constrains. In case-4, the transmission power losses are reduced by 0.40974 MW when compared to without and with practical constraints. In case-5, the losses are increased from 2.9494 MW to 3.7231 MW in the presence of practical constrains, conversely the generation cost is decreased by 75.7456 $/h.
In case-6, multi-objective optimization problem by combining multi-fuel non-convex cost (MFNCC) and transmission power loss (TPL) objectives are optimized using Eq. (12) . From this table, it is observed that, based on the system loading conditions, generation cost and TPL values are optimized and obtained within its individual minimization limits. From this analysis it is summarized that, there is an effect of valve loadings and practical constraints on multi-fuel generation cost and transmission losses.
The obtained results for the Non-convex fuel and multi-fuel quadratic costs without ramp-rate and POZ limits are validated with some of the existing literature and are tabulated in Tables 10 and 11 . From these tables, it is observed that, the proposed method gives the best value than the existing methods.
To show the effect of practical constraints clearly, the variation of active power generation control variables for case-4 is shown in Fig. 13 . From this figure it is observed that, the control variables (Pg1-Pg6) are characterized by their practical constraints. In Fig. 13(a) it is in continuously distorting manner while in Fig. 13(b) , it is in smooth manner.
Here to show the effect of UPFC, initially the formulated severity function given in Eq. (17) is optimized. The optimal location to install UPFC is identified by performing the procedure described in Section 3.1. The result of contingency analysis for this system is given in Table 12 . To maintain the continuity in supplying/receiving the power, the contingency analysis is not performed for lines between buses 9-11, 12-13, and 25-26. Hence, for this system only 38 transmission line Figure 12 Quadratic cost curve of 2nd generator in IEEE-30 bus system. Table 9 Ramp rates and POZ limits followed by the generators for cases 2, 3, 4, 5 and 6. 1 -Below POZ lower limit, 2 -Above POZ upper limit. 3 -Equal to POZ lower limit, 4 -Equal to POZ upper limit. UP -following up-ramp rate, Down -following down-ramp rate. Figure 13 Variation of active power generation control variables in case-4 for without and with practical constraints.
contingencies out of 41 are considered. The result of only top 2 contingencies is tabulated. From Table 12 , it is very clear that, the line connected between buses 2 and 5 is the most critical one. By following above rules given in Section-3, the possible UPFC installation locations are 38. Severity function is evaluated in all locations with UPFC and the top 5 least severe function valued locations are tabulated in Table 13 under rank-1 contingency.
From Table 13 , it is observed that, first location is the best location for placing the UPFC, because it has least severity function value. The further analysis is performed by placing device in this location.
The analysis is performed to identify the effect of UPFC on the considered objectives. The OPF results for cases 4, 5, and 6 under normal, single line (2-5) and double line (2) (3) (4) (5) contingency cases are tabulated in Table 14 . From this table, it is observed that, minimizing one of the objectives sacrifices the other objectives. It is observed that, in the presence of practical constraints and in contingency conditions, the objective function values are increased. Finally, with UPFC, the single figure, it is observed that, with UPFC and in the presence of practical constraints, the iterative process starts with good initial value and obtained better convergence characteristics when compared to without device. The variation of the apparent power flows in the presence of UPFC is shown in Fig. 15 . From this figure, it is noticed that, the power flow is diverted through lines 11 (6) (7) (8) (9) and 12 (6-10) because of the presence of tap setting transformers instead of 8 (5) (6) (7) . It is also observed that, power flow variations are obtained in the lines nearer to the device connected location.
Example-2
To extend the effectiveness of the proposed methodology, tamilnadu-62 bus system with 89 lines is considered [63]. The total control variables in this system are 49. The cost coefficients for quadratic, non-convex and multi-fuel costs are given in Tables A3 and A4 . Due to space restrictions, the OPF results without UPFC with active power generation control variables are tabulated in Table 15 . From this table, the similar observations can be interpreted as in example-1.
Conclusion
In this paper, a novel optimization algorithm based on uniform distribution of control variables and two-stage initialization processes in conventional PSO has been proposed to solve OPF problem. The objectives such as conventional quadratic, non-convex costs and multi-fuel quadratic, non-convex costs are optimized while satisfying equality, inequality and practical constraints. The effect of multi-fuel on economic load dispatch has been presented with respective validations. The effect of practical constraints such as ramp-rate and POZ limits has been analyzed on the defined objectives. It is concluded that, using the proposed UDTPSO, best objective values are obtained when compared to existing methods discussed in the literature. The proposed approach has been successfully and influentially tested on standard test functions and electrical systems. The objective values in electrical systems are further enhanced in the presence of UPFC with appropriate optimal settings. Finally, this paper presents a solution methodology to optimize more realistic problem by considering multi-fuel and practical constraints on economic load dispatch. The proposed method has proved its effectiveness in terms of speed of convergence, consistency, and robustness. From this, it is very clear that, the proposed approach can be a promising approach for real-time and real-size applications.
Appendix A
The OPF data related to the considered test systems is given in Tables A1-A4 . 
